Abstract-A novel strategy for topside ionosphere sounder based on spaceborne Multiple-Input Multiple-Output (MIMO) radar is proposed, which takes advantage of frequency division and code division (FDCD) as a substitution for swept-frequency regime employed by the current ionosphere explorers, e.g., TOPside Automated Sounder (TOPAS). The azimuth resolution can be improved by 153 times compared with TOPAS by means of frequency division, producing two-dimensional electron density images. The signal-to-noise ratio (SNR) can be enhanced and complete orthogonality among channels at different frequencies can be achieved by code division, which uses Complete Complementary Sequence (CC-S) as phase coding waveform. The simulation results show that root mean square (RMS) of normalized electron density measurements error of novel ionosphere sounder is as low as 1.7%.
INTRODUCTION
Ionosphere is an essential constituent of Earth's space weather system, which has significant impacts on electromagnetic (EM) wave propagation [1] [2] [3] . The topside ionosphere is the region above F2 layer in ionosphere, and the topside ionosphere exploration is of great importance for space information systems, e.g., satellite communication, navigation and remote sensing etc. [4] . Current spaceborne topside explorers, e.g., TOPAS (TOPside Automated Sounder), play an important role in observing topside electron density distribution at global scale, by transmitting swept-frequency pulses and measuring delay time of the radar echoes to generate one-dimensional electron density profiles [4] . However, such systems have poor azimuth resolution for employing swept-frequency regime, e.g., the apparent azimuth resolution of TOPAS is as low as 75 km, corresponding to its swept-frequency duration of 10 s [5] .
The conception of MIMO (Multiple-Input Multiple-Output) technique [6] [7] [8] [9] [10] led to the development of MIMO radar [11] [12] [13] [14] that simultaneously transmits multiple waveforms and receives echo signals through multiple channels. In this study, a novel strategy for topside ionosphere sounder by employing advantage of MIMO radar with frequency division and code division (FDCD) is proposed. An introduction to the principle of ionosphere sounding is given in Section 2. After discussing the proposed scheme in Section 3, the system parameters are designed in Section 4. Finally the proposed system is validated through simulation in Section 5.
PRINCIPLE OF TOPSIDE IONOSPHERE SOUNDING
Topside ionosphere sounding is based on the ionosphere reflection of high frequency (HF) band signals transmitted by spaceborne radar. When an 'ordinary' HF band EM wave vertically propagates in ionosphere, collision and magnetic field terms are negligible in Appleton formula [15, 16] . The refractive index of ionosphere is n = 1 − f 2 p /f 2 , where f p stands for the plasma frequency corresponding to the electron density N e = (f p /9) 2 , and f denotes EM wave frequency. A signal at frequency f will be reflected at the height where n = 0 (corresponding to f = f p ) [5] , and local electron density equals to (f /9) 2 .
Assume a spaceborne nadir-looking ionosphere sounding MIMO radar simultaneously transmits multiple signals at different frequencies f i (i = 1, . . . , N ), which will be reflected at different heights h i , where the local electron densities N e = (f i /9) 2 . In topside ionosphere, the electron density increases with the decrease of height and the lower boundary of topside ionosphere have the maximum electron density corresponding to maximum plasma frequency f m . The signals at frequencies smaller than f m can be reflected and received by the radar. Figure 1 illustrates the schematic of topside ionosphere sounding. In Figure 1(a) , the signals at different frequencies, e.g.,
) are reflected at different height. x 1 and x 2 denote two azimuth positions of the satellite with the different maximum plasma frequencies f m1 and f m2 due to ionospheric disturbance caused by an irregular bubble structure [17] (see (15) - (18) in Section 5).
Measuring the corresponding delay time t i of the echo signal at frequency f i to derive the virtual rangesr i = c · t i /2, where c is light speed in vacuum. The vertical electron density profile can be derived by using the traditional inversion algorithms, e.g., the least-squares polynomial fit algorithm [18] .
The virtual range corresponding to frequency f i is given bŷ
where r i = H s − h i , H s is satellite height, h i denotes the true height where the reflection occurs, v g is the group velocity of the signal, and n g is the group refractive index of ionosphere given as follows
where
Putting (2) in (1), the virtual range becomeŝ
Assume that the true range r as function of the plasma frequency can be given by following polynomial expansion:
where α k denote the polynomial coefficients and f v is the plasma frequency at the satellite height. Hence, (3) can be written aŝ
The N virtual ranges can be expressed by following matrix notation:r = Ba (7) where α k , β ik ,r i are the elements of a, B,r respectively.
For N > M , (7) has the least-squares solution:
where B T is the transpose of B.
Putting f p = 9 √ N e and r = H s − h in (4), the electron density N e as function of height h can be derived.
MIMO IONOSPHERE SOUNDER
Assume a MIMO radar system is onboard the satellite, employing N transmitting channels for simultaneously generating radar pulses and N receiving channels for processing echo signals. Each transmitting channel generates signal with different carrier frequency and phase coding, to acquire high azimuth resolution by means of frequency division (FD), and high signal-to-noise ratio (SNR) and complete orthogonality among channels of different frequencies by code division (CD) .
MHz, where f min and f max denote the minimum and maximum transmitting frequency, respectively. Moreover, the Complete Complementary Sequence (CC-S), a phase coding signal waveform, is selected for transmitting pulses, which has high compression gain and complete orthogonality [19, 20] . N pairs of different CC-Ss are employed, namely
The definition of N pairs of CC-Ss {A i , B i } is given by [20] :
where a i and b i denote the sub-pulse codes taking value from {1, −1, j, −j}, j 2 = −1; and L is the length of A i and B i . {A i , B i } can be generated using the method given in [21] , which satisfies complete orthogonality as [19, 20] :
where In each receiving channel, the echo signal (consisting of subechoes at N frequencies) is mixed by the corresponding carrier frequency f i , before passing through low pass filter (LPF) to yield the baseband echo signal. Afterwards, the complementary echo signal pair corresponding to {A i , B i } is compressed by means of matched filtering and superposition (see (10) ). Consequently, the delay time t i can be directly detected from the compressed signal to derive the virtual range. (4) and (8) are used to inverse the one-dimensional electron density profile as function of the true height.
Consequently, two-dimensional electron density profile can be derived by combining the one-dimensional profiles obtained in each repetition period of CC-S pair pulses. It means the image of electron density distribution can be generated as function of true height and azimuth position, and the azimuth resolution can be given as V s /f prf , where V s denotes satellite velocity and f prf is repetition frequency of CC-S pair pulses, i.e., f prf = 1/T p .
SYSTEM PARAMETERS DESIGN
According to previous and current topside ionosphere sounders that were successfully launched into space, e.g., TOPAS etc., the typical swept-frequency lies within the range of 0.1 MHz-15 MHz (f min = 0.1 MHz and f max = 15 MHz). The plasma frequency f v at the satellite height and maximum plasma frequency f m at the lower boundary of topside ionosphere is chosen as the frequency of the first and last echo respectively, corresponding to the minimum and maximum frequency of echoes respectively. Thus, the maximum error of f v and f m relative to true frequency equals to the transmitting frequency interval ∆. According to [21] , the number of CC-S pairs N equals to 2 n (n = 1, 2, . . .). To reduce the scaling error of f v and f m , N is chosen as 256, then the frequency interval ∆ = 0.058 MHz and the maximum error of f v and f m is 0.058 MHz, which is appropriate validated by simulation results in Section 5. The sequence length L is chosen as 1280 [21] , leading to pulse compression gain of 2560, (i.e., SNR increased by 34 dB). Therefore, the number of transmitting channels and receiving channels N are 256.
According to the constrain of f min = 0.1 MHz, the sub-pulse duration τ is chosen as 10 µs. Then the pulse duration τ 0 = L · τ = 12.8 ms.
The satellite height should be higher than the upper boundary of topside ionosphere (about 1000 km) [22] . Assume H s = 1100 km. The semi-major is approximately 7471.14 km. According to (12) , the satellite velocity is approximately 7.3 km/s.
where a and ω denote the semi-major axis and the average angular velocity of the satellite, respectively, and µ is gravitation constant. The repetition frequency of radar f prf should satisfy following equation 1 2f prf > τ 0 + t max (13) where τ 0 is the pulse duration, t max is the maximum delay time, which is the delay time of signal from lower boundary of topside ionosphere. In practice, the electron density varies with time and location, thus t max is unknown value. The Chapman model for the depletion of electron density was employed to calculate a typical value of t max for preliminary system design, shown in (14) .
where N 0 denotes the peak electron density, h 0 is the height where the electron density reaches N 0 , H is a scale height. Typical parameters in (14) are chosen as N 0 = 1 × 10 12 m −3 , h 0 = 350 km, H = 50 km [23] . Considering r = H s − h, substituting (14) for N e (r) in (3), the virtual range corresponding to h 0 is 1935 km through integration, and the corresponding t max is 0.0129 s. Then according to (13) , f prf should be smaller than 19.5 Hz. Taking into consideration, the uncertainty of t max , f prf is selected as 15 Hz.
According to the above mentioned V s and f prf , the azimuth resolution of the novel topside ionosphere sounder is as high as 0.49 km, which is 153 times higher than TOPAS. Therefore, it is straightforward that the novel FDCD MIMO radar system is more efficient than current topside ionosphere sounders.
SIMULATION AND DISCUSSIONS
An assumed ionosphere scenario is employed in the simulation. By assuming that ionospheric electron density distribution satisfies the model of an irregular structure superimposed on the background electron density, it is given by [17] :
where h and x denote height and azimuth range, N (h) is the background electron density and it is assumed to satisfy IRI2007 model, and F (x, h) is a function for the depletion of an ionospheric irregular electron density structure as [17] :
where A is a constant, which is negative for the depletion of a ionospheric bubble structure. The bubble is an attenuation part of electron density relative to calm background ionosphere. x 1 , x 2 , h 1 , h 2 denote the positions of the boundaries of the irregular structure, and a 1 , a 2 , b 1 , b 2 denote the thicknesses of boundaries. According to the radar system parameters designed in part IV and the ionosphere parameters shown in Tables 1 and 2 , the system scheme was validated by simulating radar echoes based on Equations (3) and (15) . Figure 4 is the assumed topside electron density distribution directly generated by (15) . There is a bubble irregularity stretched along azimuth position, i.e., 15 km ≤ x ≤ 35 km. Considering the boundary thickness, the upper boundary of the bubble is height 450 km which is the peak electron density height. An eighth-degree polynomial is used for inversion given in (4). The two-dimensional electron density image is shown in Figure 5 , in which the one-dimensional electron density profiles at x = 0 km and x = 25 km is shown in Figures 6 and 7 respectively. In Figure 5 the empty part is the bubble irregularity, for the electron densities corresponding to frequencies larger than the maximum frequency can not be inversed. It can be seen that there is small empty part along horizontal axis x at the bottom of the image in Figure 5 , which means that the maximum electron densities along horizontal axis x can not be inversed due to error in f m . In simulation, the maximum error of f m along x is 0.0578 MHz, which occurs at the One-dimensional profile at x = 0 km. One-dimensional profile at x = 25 km. upper boundary of the bubble irregularity and the height error is about 5 km. Figure 8 shows the normalized electron density measurements error (corresponding to Figure 5 ) between inversion result N inv and original distribution N ori , given as (N inv − N ori )/N ori , in which the one-dimensional result at x = 0 km and x = 25 km is shown in Figure 9 . The normalized error is caused by the error of f v and polynomial fit error. In simulation, the error of f v is 0.0487 MHz, which is close to the maximum scaling error, and the RMS of normalized electron density measurements error in Figure 8 is only 1.7%, which is acceptable.
The results validate the effectiveness of the proposed system. The system can acquire a two-dimensional electron density image with a high azimuth resolution, which can not be achieved with the current ionosphere models.
CONCLUSIONS
Based on multiple channels for transmission and reception, a novel strategy for topside ionosphere sounder based on spaceborne MIMO radar with FDCD is proposed, which can generate two-dimensional electron density image. Both acquisition efficiency and azimuth resolution of the innovative topside ionosphere sounder are significantly improved by using FDCD technique. The azimuth resolution is improved by 153 times compared with TOPAS. This can complement the Total Electron Content (TEC) and electron density data of current models and benefit the detection of topside ionosphere irregularities at scales in km. The proposed system scheme is simulated using IRI2007 model, and the simulation results show the RMS of normalized electron density measurements error is as low as 1.7%, which validates the feasibility and effectiveness of system scheme.
The increased complexity and weight of the system caused by applying multiple channels can be effectively mitigated by employing software defined radio transceiver [4, 24] . Future work will be concentrated on consummating detailed system scheme.
